Abstract In chemical regulation, e.g. the EU Water Framework Directive, REACH, or the Pesticide Directive, standardized ecotoxicological tests are applied to evaluate and rank the hazard of compounds and for deriving environmental quality standards (EQS). Standardized test methods prescribe fixed testing conditions e.g. specific temperature, pH, light intensity etc. However, environmental conditions under which the organisms live are rarely identical to the standard conditions. Thus, the ecotoxicity of compounds found in standard test is not only a function of the compounds inherent physico-chemical properties but is also affected by test conditions. It is therefore important to study the effect of changes in test conditions in order to get reliable input ecotoxicity data for assessing the potential risk posed by a compound. The objective of this study was to investigate the implications of changing test conditions on the toxicity of four sulfonylurea herbicides (SUs). The toxicity of the four SUs towards Lemna gibba was investigated at three pH levels (6, 7.5 and 9), at two temperatures (15 and 24°C) and two light regimes (continuous and 12:12 h light:dark cycle) The EC50 increased twofold to tenfold for the four SUs when pH was increased from 6 to 9. Decreasing the temperature from 24 to 15°C or introducing a dark:light cycle did not cause any trends in changes in toxicity. The results show that test conditions can have an effect on the toxicity and this should be considered when the standard test results are used for derivation of EQS.
Introduction
In chemical regulation in Europe e.g. the EU Water Framework Directive (2000/60/EC), REACH (EC 1907 (EC / 2006 or the Pesticide Directive (EC 1107/2009), a battery of standard ecotoxicity tests are used as the basis for setting of water quality criteria and estimating predicted no effect concentrations and toxicity exposure ratios, respectively. Standard toxicity tests allow a hazard assessment and ranking of different substances. In a number of cases, however, the validity of the concentration-response assessment is challenged since the toxicity of a compound can change when changes are made in test conditions in order to reflect different environmental conditions. Hypothetically, a highly photodegradable substance would exhibit lower toxicity in a test with continuous lighting than in a test with a light:dark cycle due to a higher photolysis and, thus, lower exposure concentrations. Similarly, electrolytes, for which uptake and toxicity is sensitive to pH, may show different toxicity to the same organism at different pH values because pH of the medium affects the speciation of the compound (Fahl et al. 1995; Rendal et al. 2011b; Trapp 2000) . Standard tests are usually performed at a temperature that is optimal for the test organism and this temperature is often in the high end of the natural temperature range of the organism. Lower temperatures might affect the organism's uptake rate of the compound and/or slow down physiological processes and thereby also affect the toxicity of the compound (Li et al. 2011) . Furthermore, changes in light conditions and pH do not only change the availability of the chemical, but also affects the susceptibility of the test organism (Fedtke 1982) . Thus, it is important to study the influence of changes in test conditions in order to get reliable data on the potential hazard of a compound tested under standard conditions. Moreover, it is also important that the basis of the extrapolations is as well described as possible and that important aspects are not left out when results from only standard tests at fixed conditions are used.
For this study, four sulfonylurea herbicides (SUs) were chosen as model compounds: flupyrsulfuron-methyl, metsulfuron-methyl, rimsulfuron, and thifensulfuron-methyl. SUs are weak acids with moderate water solubilities and have different pH-dependent characteristics due to their status as ionizing compounds (Table 1) . Especially their pH-dependent hydrolysis rates, which for some compounds are fast at low and slow at high pH values or the other way around (Table 1) , make them suitable as model compounds for studying effects of changes in test conditions. SUs are characterized by low application rates and by their specific mode of action. They inhibit the enzyme acetolactate synthase (ALS), leading to the cessation of cell division, and subsequently inhibiting growth processes in plants (Beyer et al. 1988) . Animals lack the ALS enzyme and therefore SUs exhibit low toxicity in traditional ecotoxicity tests with fish and crustaceans, but have shown to be toxic to specific aquatic plants. Cedergreen and Streibig (2005b) found that Lemna minor was approximately 850 times more sensitive to metsulfuron-methyl than the green algae Pseudokirchneriella subcapitata. Cedergreen et al. (2004) also found that Duckweed (Lemna sp.) was the most sensitive among 12 species of aquatic plants.
The objective of this study was to investigate implications of changing test conditions on the toxicity of a group of model compounds and thereby obtain a better basis for risk assessment extrapolations. This was done by studying the toxicity of the four SUs towards Lemna gibba at three pH levels (6, 7.5 and 9), at different temperatures (24 and 15°C) and at different light regimes (continuous and 12:12 h light:dark cycle).
Materials and methods

Plants and culturing
The test organism, L. gibba, was obtained from the Canadian Phycological Culture Centre at University of Toronto. It was cultured in Erlenmeyer flasks in 209 AAP medium (OECD 2006) using continuous white fluorescent light (Philips 30W/33) with intensity of 125 ± 12.5 lE/m 2 /s, a temperature of 24 ± 2°C and an initial pH of 7.5. The pH of the culture medium was not adjusted or maintained at 7.5 and therefore probably increased over time due to the plants' uptake of nutrients. Each week colonies were transferred to freshly prepared medium and new cultures were established the same way.
Chemicals and experimental method
The tested SUs were obtained from DuPont International Operations (purity 90-96 %, Sárl, Switzerland) (see Table 1 for selected physico-chemical properties). Chemicals for medium preparation and synthetic buffers were all of analytical grade. Each test compound was dissolved in acetone prior to preparation of test stock solutions in test medium. The final test solutions were made by transferring the appropriate amount of the test stock solution to 500-mL volumetric flask and diluting with medium. The acetone concentration in the highest test concentration was in all experiments below 100 lL/L, which is the advised highest concentration of solvent (OECD 2006) . Solvent controls with the same acetone concentration as in the highest test concentration were included in all tests. MES buffer (SigmaAldrich) was used in a concentration of 10 mM in the tests at pH 6 and TRIS buffer (Sigma-Aldrich) was used in a concentration of 10 mM in the tests at pH 9. All other tests were performed at pH 7.5 and with no synthetic buffer added.
All tests followed the OECD guideline 221 (OECD 2006) with the modifications described below. Subcultures of L. gibba were exposed to six different concentrations with three replicates of each exposure concentration and six control replicates (three controls and three solvent controls). The test concentrations were based on literature values and had a factor three between each level. Dilution water was 209 APP medium adjusted to the relevant pH with NaOH or HCl. 150-mL crystallizing dishes were each filled with approximately 125 mL test solution and inoculated with 8 fronds (2-3 colonies) and covered with plastic petri dishes. Five tests series were included for each of the four different SU's and the test conditions for each series are shown in Table 2 . Test vessels were incubated in white fluorescent light (Philips 30W/33) with intensity of 125 ± 12.5 lE/m 2 /s. The tests were static-renewal tests with replacement of test solutions twice during the test period.
The test variable, growth rate based on counting of fronds (counted at start, both media renewals, and end of test), was calculated by linear regression of growth curves in a semi-logarithmic data plot with log(biomass) versus time on the axes.
Chemical analysis
At test initiation, at each renewal, and at the end of the tests, 25 mL test solution of the highest concentrations was sampled for chemical analysis. Due to nominal concentrations around the liquid chromatography-mass spectrometry/ mass spectrometry (LC-MS/MS) detection limit and high costs of the chemical analyses, only the highest concentration of each chemical was measured. The samples were concentrated using disposable Bond Elut ENV cartridges (500 mg, 6 mL) followed by a heptane wash step prior to drying the cartridges with atmospheric air to push out all water. The dried cartridges were kept in -18°C until they were analyzed by Eurofins Environment Sweden AB. The elution was done with basic methanol and the final eluate was evaporated to dryness and reconstituted in 5 mM-ammonium acetate buffer. The analytes were separated from coextracts by reversed-phase LC and were detected by MS/MS. Limit of quantification for the method was 0.1 lg/L.
Data treatment
The effect of treatments was tested by ANOVA and where significant dose effect was found, modelling of dose response curves was done using the software R 2.13.0 (R Development Core Team 2011) with the add-on package ''drc'' (Ritz and Streibig 2005) . Data were fitted to a three parameter log-logistic concentration-response model:
Here, U is the response (growth rate), concentration is the exposure concentration, and d is the average growth rate of the controls. EC50 is the concentration at which the growth rate is reduced by 50 %, and b is proportional to the slope of the curve around EC50 (Seefeldt et al. 1995) . A time-weighted mean (TWM) of the highest concentration during the test period was calculated (Table 3) according to the method given in OECD (1998) and the TWM was used to calculate lower exposure concentrations for estimation of ECx values in the concentration-response model. 
General test considerations
For all tests, except the one at 15°C, the doubling time (T 2 ) was less than 2.5 days (Table 4) which is in accordance with the validity criterion of the OECD standard test (OECD 2006) . The increase in pH was in several instances greater than the 1.5 units that OECD 221 advises as the maximum pH drift during the incubation (Table 4) . However, the guideline states that this is not an invalidating factor for the test if the validity criterion on doubling time is met.
The influence of pH on toxicity
Generally, Test Series 1-3 showed a clear trend of higher EC values (lower toxicity) with higher pH, with the effect being most pronounced for flupyrsulfuron-methyl and thifensulfuron-methyl (Table 5 ; Fig. 1 ). The EC50 increased between 2.2 and 10 times for the four SUs when pH was increased from 6 to 9. For metsulfuron-methyl a decrease in EC50 was seen when going from pH 6 to 7.5 but still for metsulfuron, the EC50 increased significantly from pH 6 to 9. For rimsulfuron, there was no significant difference between EC50 values at pH 7.5 and 9 (Table 5 ). The general trend for the EC10 values was similar with an increase between 2.3 and 45 times when raising pH from 6 to 9 (Table 5) . Table 3 The nominal value (Nom.) of the highest concentration, the TWM of the measured (highest) concentrations at the beginning and end of all renewal periods, and the difference (Diff.) between the nominal concentration and TWM in percent (''-'': TWM \ Nom., and ''?'': Influence of pH, light cycle, and temperature on ecotoxicity 37
In all tests at pH 7.5 (i.e. following the standard protocol), it is seen that the pH drift in both the controls and the highest concentration is large compared to the drift in the tests at pH 6.0 and 9.0 where synthetic buffers were added (Table 4) . This means that the standard test (pH 7.5) was in reality carried out in the pH range from 7.5 to 8.8, although it is not known how fast the increase in pH occurred. The doubling time in the controls with pH of 6 and 7.5 was 1.3-1.7 days compared to 2.3-2.4 days at pH 9 (Table 4 ).
The influence of light cycle and temperature on toxicity
No clear trend in toxicity was seen when introducing a 12:12 h light:dark cycle (Test Series 4) to the L. gibba tests with the four SUs (Table 5 ). Only the EC50 for thifensulfuron-methyl showed a significant difference compared to the EC50 from the standard test, i.e. a factor two increase when a 12:12 h light cycle was applied. Likewise, in the test performed at a lower temperature of 15°C (Test Series 5) there was no clear trend in toxicity, and here, only flupyrsulfuron-methyl showed a statistically significant change with a factor 2 increase in EC50 (two times less toxic) at low temperatures (Table 5) . As expected, the lowering of the temperature reduced the growth rate of the plants, and hence the doubling time of the controls increased from 1.5 to more than 3.5 days (Table 4) . For this reason the tests were extended to 11 days. The longer test duration did however, not affect the growth rate within treatments, which was constant over the whole period. It should be kept in mind that the ECx values from the 15°C tests are based on nominal concentrations.
Discussion
Chemical analysis
Usually, ''difficult'' substances are referred to as highly sorbing (high Kow), highly volatile compounds, and compounds with low water solubility. However, also substances which hydrolyze quickly (such as the SUs, (Table 1) ) are included, because it is difficult to keep a constant exposure concentration with these substances (OECD 2000) . In this study, large concentration variations were observed, both between nominal and measured start concentrations and between measured concentrations at the start and end of renewal periods. Differences between measured and nominal concentrations could be due to difficulties in preparing test solutions with very low concentrations, while differences between measured concentrations at start and end of renewal periods was likely due to hydrolysis of the compounds during incubation. This dissipation was found to be largest for flupyrsulfuronmethyl and rimsulfuron, which is in good agreement with the hydrolysis half-lives (DT50) shown in Table 1 . It was furthermore observed that the loss of flupyrsulfuron-methyl and rimsulfuron was less at pH 6 than at pH 7.5 and 9, which is also in good agreement with the physico-chemical properties given in Table 1 .
General test considerations
In general, the EC50 values found in the OECD standard tests at pH 7.5 were comparable to the values found in literature. For flupyrsulfuron-methyl, rimsulfuron, and thifensulfuron-methyl EC50 values from tests with L. gibba were only found in the European Commission and EFSA Reports (EFSA 2005; European Commission 2001a, b) , and are 2.5, 4.6, and 1.3 lg/L, respectively. The values found in this study, for flupyrsulfuron-methyl and rimsulfuron were 2.5 and 4.2 times lower than the literature values, while the value for thifensulfuron-methyl is 1.5 times higher than the literature value. The reason for these differences is unknown since the above mentioned reports do not refer to the method used or whether concentrations were measured or nominal. Our EC50 value of 0.37 lg/L for metsulfuron-methyl is in the lower end of the range of EC50 values reported for Lemna sp. (0.1-12.6 lg/L (Cedergreen et al. 2004; Cedergreen and Streibig 2005a, b; European Commission 2000; Fairchild et al. 1997; Munkegaard et al. 2008) , indicating that the strain of L. gibba used here have comparable sensitivity to those used in literature.
The influence of pH on toxicity For Test Series 1-3 it was seen that the toxicity increased with decreasing pH for all four SUs (Fig. 2) . This was Fig. 2 The EC50 for the four SUs as a function of the initial pH expected, since for weak acids, like the SUs, the fraction of non-dissociated compound is larger at lower pH values according to the Henderson-Hasselbalch equation (Atkins 1990) . The theory about ion trapping in plant cells (Escher and Hermens 2004; Neuwoehner and Escher 2011; Trapp 2000) states that primarily the neutral form of the ion can penetrate the cell membrane, be taken up, and cause toxicity. However, in the pH range tested here, the fraction of neutral compound present for the four SUs is less than 1 % for metsulfuron-methyl, rimsulfuron and thifensulfuronmethyl (pKa 3.75, 4.0 and 4.0, respectively) and less than 8 % for flupyrsulfuron-methyl (pKa 4.94), calculated from the Henderson-Hasselbalch equation. This indicates that either the neutral form of the SUs is very potent or that the ionized form also play a considerable role in the toxicity of the SUs (Rendal et al. 2011a ). Other studies have also found that pH of the test medium affects the toxicity of acids and bases (ACD/iLab 2011; Fahl et al. 1995; Neuwoehner and Escher 2011; Rendal et al. 2011b ). In particular, Fahl et al. (1995) found that lowering pH from 6.5 to 5.0 caused a 25-fold increase in toxicity of chlorsulfuron, another SU herbicide, to the freshwater microalgae Chlorella fusca. Similarly, Altenburger et al. (2010) saw a fivefold increase in toxicity of 2,4,5-trichlorophenol when comparing an un-buffered growth medium at initial pH 7.8 to a buffered medium at pH 7.1. Like the present study, Altenburger et al. (2010) also saw a large pH drift during tests when no buffer was added to the test medium.
Flupyrsulfuron-methyl differs from the other three SUs in several ways: It has the highest pKa and short hydrolysis half-lives (Table 1) , and it shows the largest changes in toxicity with pH (Fig. 2) . This larger change in toxicity with pH could be ascribed to the larger fraction of the neutral species present (\8 % for flupyrsulfuron-methyl and \1 % for metsulfuron-methyl, rimsulfuron and thifensulfuronmethyl) at the pH values tested, resulting in a larger and/or faster uptake of flupyrsulfuron-methyl by the plants. Furthermore, at pH 6 the elimination of flupyrsulfuron-methyl was lower than at pH 7.5 and 9 (Table 3), indicating that the removal rate was lower at lower pH. It should be noted that flupyrsulfuron-methyl is an amphoteric compound, but with a pKa for the base of -1.3 (ACD/iLab 2011), thus, this group is neutral at the pHs used and it is not likely that this characteristic have an effect at the pH levels tested here.
In the standard tests with no synthetic buffer added, a large increase in pH was seen after renewal of medium. Since the pH increase becomes larger towards the end of the test it is likely that the plant growth is responsible for this change due to uptake of nitrate, which is associated with a higher rate of H ? consumption than excretion (Marschner 1995) . Therefore, it is recommended that a buffer is added to the duckweed medium when pH sensitive compounds are tested.
Although the validity criterion of the OECD standard test was fulfilled in these tests, it is speculated that the increased doubling time of the control treatments at pH 9 ( Fig. 1 ; Table 4 ), could be caused by an adverse effect on the growth of L. gibba from the TRIS buffer. The culturing medium did not contain synthetic buffer and was not pH adjusted, so the initial growth rate of the controls was the same for all tests. Rendal et al. (submitted) found, that TRIS buffer was toxic to the green algae P. subcapitata with an EC10 at pH 9 of 4.4 mM, and therefore, it is possible that the 10 mM TRIS buffer in the medium in pH 9 tests had a slight adverse effect on the growth of L. gibba. However, it is not known if the sensitivities of P. subcapitata and L. gibba are comparable for TRIS buffer. Based on the above, it is recommended that possible adverse effects from the chosen buffer are tested prior to the toxicity tests.
Effects of light cycle and temperature on toxicity A significant effect of introducing a 12:12 h light:dark period was only observed for thifensulfuron-methyl (Test Series 4), resulting in a twofold reduction of the EC50 value (Table 5) . However, since the mode of action for SUs is not directly connected to the photosynthesis it is not surprising that most of the ECx values were not significantly altered.
In this study the only significant effect of lowering the temperature to 15°C was found for flupyrsulfuron-methyl, where a twofold decrease in toxicity was seen (Table 5) . However, since the EC50 values for Test Series 5 is based on nominal concentrations the actual EC values are expected to be lower than what was presented here. Changes in incubation temperature could influence the toxicity of a compound because of changed or slower biological processes within the organism tests, but also because chemical and biological degradation of the toxicant may be slowed down at lower temperature. Harris (1990) states that as a rule of thumb the rate of hydrolysis is reduced with a factor 2.5 for a 10°C decrease in temperature, which for flupyrsulfuron-methyl would mean an increase in half-life from 12 to 30 days. Assuming that this is true for all three SUs and also taking the longer exposure periods into consideration, it is expected that the actual concentrations in the 15°C test are lower than the nominal concentrations, and probably in the range of the measured concentrations measured in this study.
Consequences for regulation of difficult substances
In toxicity tests used for risk assessment of chemicals the compounds are generally assumed to be neutral compounds or to act like neutral compounds. However, when this is not the case, such as for ionizing compounds, there is a risk of either over-or underestimating the toxicity at environmentally relevant conditions. For the substances studied here, with a pKa of 3.75-4.94 where it is expected that most of the compound ([98 %) is in the anionic state at environmentally relevant pH values, a pH-dependent toxicity would not be expected initially by inspection of physical-chemical properties. However, the pH of the medium was shown to have an effect on the toxicity. All four herbicides in this study are reported to have been tested in duckweed tests in relation to the Pesticide Directive (91/414/EEC) (EFSA 2005; European Commission 2000 , 2001a . However, the conditions under which these tests were carried out are not specified. It is only noted that a test-duration of 14 days was used, but no reference is made to a standard test protocol. If these effect values are to be used e.g. for derivation of environmental quality standards (EQS), this should be done under the consideration of possible effects from the pH of the environment.
For SUs Lemna spp. appears to be among the most sensitive species for the endpoints considered (Cedergreen et al. 2004; Cedergreen and Streibig 2005a) and it may therefore be suggested that a low assessment factor should be applied to EC50-values when setting the EQS. The uncertainty that variation in environmental factors generate could be argued to be covered in the assessment factor approach for setting EQS. However, our study shows that it is important to investigate the influence of different environmental factors on the outcome of toxicity tests to be able to take this influence into consideration. When dealing with compounds of high specific toxicity, for which the most sensitive species (Lemna spp. for SUs) is found even a low factor of two between EC values will directly translate into a lower EQS (European Commission 2011).
Many factors may affect the toxicity of chemicals and although temperature and a light cycle were not shown to have a significant effect on the toxicity of the SUs studied here, they may influence the toxicity of other groups of compounds and organisms. For example it would be reasonable to speculate, that photosynthetic inhibitors like Atrazine would be less toxic when a dark period is introduced, while compounds that photodegrade would be more toxic with a dark period. Other factors, such as exposure duration (Andersen et al. 2006) , presence of organic matter or nanoparticles (Hartmann et al. 2010) , or salinity, which have not been investigated here, could also affect the toxicity of a compound. In fact, the present study did show some quickly decreasing concentrations, which could mimic the effects of a pulse or repeated pulses since the test solutions were renewed. However, since this was not done intentionally it was not studied further. Preferably, pulse studies should be included in the risk assessments of pesticides, since spraying with pesticides could result in a short but high concentration exposure of non-target organisms. Such an incident is not likely to cause long term effects, except if there are repeated pulses, but may still have an effect if the organisms are not able to recover (Andersen et al. 2006) .
Conclusion
The present study investigated the toxicity of four widely used SUs towards L. gibba at three pH levels (6, 7.5 and 9), at different temperatures (24 and 15°C) and at different light regimes (continuous and 12:12 h light:dark cycle). It was shown that changing the pH of the medium from 6 to 9 caused a decrease of a factor 2-10 in toxicity for all four compounds. The introduction of a 12:12 h light:dark cycle and lowering the temperature from 24 to 15°C did not show any significant trends in toxicity for the four compounds. When a comprehensive data set is available, as is the case for pesticides approved for use in the EU, the assessment factor used to set EQS may be so low that a change in toxicity due to variation in test conditions becomes relevant. In the case of SUs it becomes even more important to carefully select the basis for the quality standards in the light of test conditions, since for this group of herbicides the most sensitive species (i.e. Lemna sp.) has probably been found and because this group of herbicides are active at very low concentrations. Thus, it is concluded that changing test conditions does have implications for the toxicity of some compounds and that considering this will aid in obtaining a better basis for risk assessment extrapolations.
